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An effective n-type doping of ZnO thin films electrochemically synthetized was achieved by varying the chloride ion concentration
in the starting electrolyte. The ratio between chloride and zinc cations was varied between 0 and 2 while the zinc concentration in
the solution was kept constant. When the concentration of chloride in the bath increases an effective n-type doping of ZnO films
takes place. n-type doping is evidenced by the rise of donors concentration, obtained from Mott-Schottky measurements, as well as
from the blueshift observed in the optical gap owing to the Burstein-Moss effect.
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ZnO with low resistivity, high transmittance down to the UV spec-15
tral range, and good chemical stability under strong reducing environ-16
ments is a promising transparent conductive oxide (TCO) to be used17
as transparent electrode for photovoltaic solar cells and electrodes18
on flat panel displays.1 This role is presently reserved to conven-19
tional TCOs like FTO (Fluorine-doped tin oxide) and ITO (Indium20
tin oxide). Nevertheless, one of the advantages of ZnO is that can be21
electrochemically deposited on practically any conductive substrate.22
Unintentionally doped ZnO thin films are always n-type due to the23
presence of native donors.2 However, for some applications a greater24
conductivity is required and then n-type doping has to be boosted by25
increasing the concentration of shallow donors. In ZnO, additional n-26
type doping can be attained by using group III metal elements such as27
Al, Ga or In, which substitute Zn. The conductivity increase depends28
upon the nature and amount of the ions incorporated. Up to now, metal29
elements like Al,3,4 Ga,5,6 Ba,7 Sc,7 Sn8 and In8 have been widely used30
for this purpose. On the other hand, elements of 1B group (Cu, Ag,31
Au) act as acceptors when substituting Zn. Recently, p-type behavior32
has been reported in Cu-doped ZnO films.933
Further, the substitution of ZnO lattice anions can also result in34
an increase of the conductivity even though this option has been less35
explored. Substituting O by VII group elements, such as F or Cl,36
also results in an effective n-type doping. There are a few studies37
where fluor10,11 or chlorine12–15 replace oxygen. It is always found38
the doping with extrinsic ions increases conductivity and decreases39
transparency of films. However, the use of non-metal dopants in sub-40
stitution to O was suggested as a better way to achieve high carrier41
concentration and mobility while keeping good transparency, due to42
the weaker perturbation of the ZnO conduction band expected in this43
configuration.12,1644
Until now, most of the research on the deposition methods45
has mainly been focused on vapor-phase techniques.17 A com-46
mon characteristic of these kinds of techniques is the high tem-47
perature. Temperatures around 900–1100◦C are the most frequently48
used in vapor−liquid−solid processes,18,19 while lower tempera-49
tures of 400−500◦C are used in free-catalyst and more sophisticated50
techniques such as metal−organic chemical vapor deposition.20 Elec-51
trochemical deposition of ZnO nanowire arrays, from the reduction52
of molecular oxygen in aqueous solutions, is a convenient low-53
temperature (<100◦C) alternative.21,22 Aside from the fact that this54
technique is well-suited for large-scale production processes, elec-55
trodeposited ZnO nanowire arrays have already shown great poten-56
tiality in nanostructured solar cells,23 ultraviolet (UV) electrolumi-57
nescent hybrid light emitting diodes,24 and UV nanolasers.25 Several58
species such as nitrate ions26,27 molecular oxygen,28,29 hydro-59
gen peroxide30 have been used as oxygen precursors and ZnCl2,60
Zn(ClO4)2, Zn(NO3)2, Zn(SO4) and Zn(CH3COO)2, etc. are used as61
Zn2+ precursors31,32 for the electrodeposition of ZnO. We have used62
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the mixtures of ZnCl2 and Zn(ClO4)2 solutions in Dimethylsulfox- 63
ide (DMSO) saturated with molecular O2 for the electrodeposition of 64
ZnO films at 80 degree. The extent of doping of chloride is found to 65
depends upon the molar ratio of the [Cl−]/[Zn2+] ions in the solution. 66
In this paper a systematic study of the electrodeposition of n-type 67
Cl−doped ZnO thin films is presented and the influence of the chloride 68
concentration introduced in the electrolyte on the optoelectronic prop- 69
erties of the deposited films is described. X-ray diffraction (XRD), 70
Scanning Electron Microscope (SEM), optical properties and elec- 71
trochemical impedance spectroscopy measurements (Mott-Schottky) 72
have been used to assess the shallow donors concentration into ZnO:Cl 73
films. The increase of the free carrier concentration results in a partial 74
filling of the conduction band and then in a blueshift of the apparent 75
bandgap explained by the Burstein-Moss effect. 76
Experimental 77
ZnO films were electrodeposited from DMSO solutions containing 78
always a constant concentration (25 mM) of Zn2+. Zn2+ cations were 79
obtained by dissolving two different types of salts, chlorides and 80
perchlorates. ZnCl2 (Merck, reagent grade) and Zn(ClO4)2 *6H2O 81
(Aldrich, reagent grade) were used to prepare solutions in such a way 82
that the ratio between chloride and zinc ions was varied while the zinc 83
concentration was kept constant, as shown in Table I. 0.1 M KClO4 84
(Sigma–Aldrich, reagent grade) was used as a supporting electrolyte. 85
The bath solution was saturated by oxygen gas bubbling through the 86
electrolyte. 87
The electrodeposition process of ZnO was carried out in a three- 88
electrode electrochemical cell. Glass slides of about 1 × 2 cm coated 89
with F-doped SnO2 (FTO) and sheet resistance of∼10! · square were 90
used as working electrode. Previously, the substrate was cleaned with 91
soap water, rinsed with acetone and finally cleaned ultrasonically in 92
ethanol. Pt counter electrode and Ag/AgCl (KCl 3M) reference elec- 93
trode (+210 mV vs Normal Hydrogen Electrode, NHE) were used. 94
AutoLab PGStat 302N potentio/galvanostat was used for maintaining 95
a constant potential (V = −0.9 V) during the electrodeposition pro- 96
cess. The temperature of the bath was kept constant at 80 ± 0.5◦C. 97
ZnO films with thicknesses of about 700 and 1400 nm were obtained 98
for deposited charges of −1C and −2C, respectively. 99
Characterization.— The compositions of the films were studied 100
using a Scanning Electron Microscope (SEM, JEOL-JSM6300) oper- 101
ating at 20 kV, coupled to an Energy Dispersive Spectroscopy (EDS) 102
detector. 103
The structural properties of these films were characterized by 104
X-ray diffraction (XRD, Rigaku Ultima IV diffractometer) in Bragg- 105
Brentano configuration using a CuKα radiation (λ = 1.5418 Å). The 106
diffraction pattern was scanned by steps of 0.02 (2θ) between 25◦ 107
and 70◦. 108
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Table I. Content of dissolved salts (zinc chloride, zinc perchlorate
and potassium perchlorate) and [Cl−]/[Zn] ratio in the starting
bath.
[ZnCl2] [Zn(ClO4)2] [KClO4]
mM mM mM [Cl−]/[Zn2+]
25.0 0.0 100 2.00
19.0 6.0 100 1.52
12.5 12.5 100 1.00
6.0 19.0 100 0.48
0.0 25.0 100 0.00
Optical properties were monitored by a HR4000 Ocean Optics109
spectrometer with a combined halogen-deuterium lamp DT-MINI-2110
for the UV-VIS range.111
Electrochemical impedance spectroscopy (EIS) measurements112
were carried out with AutoLab PGSTAT 302N potentio/galvanostat113
equipped with a FRA module. Dissolution of 0.1 M of KClO4 was114
used as electrolyte. Each measurement was registered by applying a115
10 mV AC sinusoidal signal with a frequency of 10 kHz. The potential116
scan in the range −0.75 V to 0.2 was carried out. All measurements117
were done at room temperature.118
Results and Discussion119
X-ray diffraction and SEM.— Because the use of different ratios of120
Cl− and ClO−4 in deposition solutions can result in the formation of121
different insoluble species, X-ray diffraction was used to investigate122
the presence of some spurious crystalline phases in the obtained films.123
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Figure 1. XRD patterns of ZnO thin films grown in electrolytes containing
different chloride concentrations.
Figure 1 summarizes the X-ray diffraction (XRD) patterns of samples 124
electrodeposited in different ratios of [Cl−]/[Zn2+] solutions for films 125
with two coulombs of deposited charge. All diffraction peaks can be 126
indexed by considering only FTO phase from the TCO substrates and 127
the ZnO wurzite phase. Irrespective of the deposition solution, no 128
spurious phases were detected by XRD. Consequently, the changes of 129
the nature of zinc precursor do not influence the deposition of ZnO 130
wurzite phase. 131
Under the current deposition conditions ZnO:Cl films are mainly 132
oriented in the (002) direction, which is parallel to the c axis per- 133
pendicular to the substrate plane. However, the variation of [Cl−] 134
concentration induces some changes in the intensity of all diffraction 135
peaks. The trend is the higher the [Cl−] concentration in the bath the 136
lower the intensity of peaks with null z component, i.e. (100) and 137
(110) and the higher the intensity of peaks containing z component, 138
i.e. (002), (101), (102) and (103). Therefore it can be concluded that 139
the presence of [Cl−] favors the growth in the direction perpendicular 140
to the substrate while the [ClO−4] ions promote the growth along the 141
substrate surface. According to this result smoother and more contin- 142
uous ZnO films are expected to be deposited from baths containing 143
higher contents of perchlorate [ClO−4] ions. 144
A similar conclusion can be inferred from SEM observations 145
(Figure 2a, 2b, 2c). Films obtained for all [Cl−]/[Zn2+] ratios present 146
a dense morphology. However, the increase of the chloride amount 147
in the bath results in a slightly variation in the roughness of the 148
films surface. Samples with null chloride concentration (Figure 2a) 149
exhibits a perfectly smooth surface where no signs of roughness can 150
be observed while in films obtained from baths containing chlorides 151
(Figure 2b and 2c) some grains can be observed. This result indicate 152
that the rise of the roughness is related with the growth perpendic- 153
ular to the substrate plane and is in good agreement with the de- 154
pendence of the main crystallographic growth direction for ZnO:Cl 155
films with the [Cl−] or [ClO−4] contents as previously deduced from 156
XRD experiments. Several examples of electrochemical ZnO growth 157
perpendicular to the surface with columnar or tube-shaped mor- 158
phologies from baths containing only chlorides can be found in the 159
literature.31,33 160
The EDX analysis reveals that the doping of Cl atomic concentra- 161
tion ranges from 0.7% to 5% for a pure perchlorate electrolyte to pure 162
chloride electrolyte. The detection of chlorine in the material, even if 163
no ZnCl2 is added to the electrolyte, shows that perchlorate ions can 164
also act as a source of chloride. But this effect is much weaker than 165
that of adding chloride ions in the bath. The atomic concentration of 166
chlorine in the film increases as a function of chloride concentration 167
in the bath. The samples were cleaned with deionized water directly 168
after the growth in order to eliminate eventual chloride salt traces on 169
film surfaces. So the EDX measurements are expected to show the 170
incorporation of chlorine atoms into the ZnO bulk. Table II displays 171
the relative Cl concentration in the electrodeposited film as a function 172
of the [Cl−]/[Zn2+] ratio of the electrolyte. Although the quantitative 173
assessment of the Cl concentration is difficult with this technique we 174
are able to evidence the linearity between Cl atoms in the film and 175
Cl− concentration ions present in the starting electrolyte. 176
[Cl-]/[Zn2+]=0 [Cl-]/[Zn2+]=1 [Cl-]/[Zn2+]=2
b ca
3 µm 10 µm 10 µm
Figure 2. SEM images of ZnO films deposited with various [Cl−]/[Zn2+] ratios: (a) 0, (b) 1 and (c) 2.
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Table II. Relative concentration of Cl atoms in thin film obtained
from EDX measurements.
ZnCl2/
(ZnCl2+Zn(ClO4)2) [Cl−]/[Zn2+] Cl (at%)
1.00 2.00 5.0
0.75 1.52 4.5
0.50 1.00 3.6
0.25 0.48 3.2
0.00 0.00 0.7
Electrical properties.— It has been demonstrated by Rousset177
et al.15 that in ZnO lattice Cl substitution replaces the O, thus in-178
troducing an extrinsic donor level that can play a role on the electrical179
properties of the samples. According to that higher n-type level of180
doping of ZnO films can be achieved by increasing the content of Cl181
into the ZnO lattice.182
Mott-Schottky measurements have been carried out in order to183
evaluate the impact of electrolyte nature on the electrical proper-184
ties of the deposited material. This method is based on the Schot-185
tky barrier formation between the semiconductor material and the186
electrolyte.34–36 If the electrolyte is concentrated enough, the voltage187
drop due to the inverse polarization and the Schottky barrier are com-188
pletely distributed in the semiconductor material. It causes the creation189
of a depletion zone that can be characterized by a capacitance mea-190
surement. If the system obeys Mott-Schottky behavior, the evolution191
of 1/C2 is a linear function of the applied potential. The sign and the192
value of its slope is representative of the doping type and of the carrier193
concentration (N), respectively. This latter can be determined from194
the slope of this curve, using the equation:195
1
C2
=
(
2
eε0εr ND A2
)(
V − VF B − kT
e
)
[1]
Where C is the capacitance of the space charge region of the film at196
potential V, VFB is the flatband potential, ND is the donor concentration,197
A is the delimited area in contact with the electrolyte, the assumption198
of a perfectly smooth surface is made, ε0 is the permittivity of the199
free space, and εr the relative dielectric constant taken as the typical200
value for bulk ZnO (εr = 8.0). The Mott-Schottky plots obtained on201
the films deposited in different ratios of [Cl−]/[Zn2+] electrolytes are202
shown in Figure 3.203
Figure 3. Mott-Schottky plots for ZnO:Cl thin films with different amount
of Cl.
Table III. Results for the calculation of donor densities (column b),
estimation of flatbands potentials (column c) and optical bangaps
(column d) for ZnO:Cl thin films obtained from electrolytes
with different [Cl−]/[Zn2+] ratios (column a). All potentials are
referred to Ag/AgCl. Results obtained for bare FTO have also been
included.
a) b) c) d)
[Cl−]/[Zn2+] Nd (cm−3) Flat Band Potencial (V) Eg (eV)
2.00 8.061019 −0.47 3.442
1.52 6.211019 −0.42 3.423
1.00 5.161019 −0.38 3.409
0.48 3.341019 −0.38 3.386
0.00 1.891019 −0.31 3.372
FTO 4.241020 −1.37
Mott-Schottky plots are related to Mott-Schottky behavior for a 204
small linear potential region between −0.35 and −0.15 V. In the 205
region between −0.35 and 0.25 V, the overall capacitance decreased 206
(increase in 1/C2) with increasing film thickness. This is the mark of 207
a n-type semiconductor behavior when the applied potential is shifted 208
to cathodic values. The non-linear behavior of plots from −0.35 V 209
to 0.25 V may be a due to the some assumptions made during the 210
derivation of Mott-Schottky equation are severe. As can be seen from 211
SEM pictures of grown films that there are small grains over the 212
compact films, those cause the non-uniform potential gradients and 213
varying space charge region dimensions through the thickness of the 214
collection of grains within the film. 215
Table III shows the calculations for donor density Nd and flatband 216
potentials VFB for ZnO:Cl films electrodeposited from electrolytes 217
containing different concentrations of isolated Cl− ions. The trend is 218
the higher the concentration of Cl− ions in the electrolyte the higher 219
the donor concentration (Nd) in the films, which again is an evidence 220
of the doping effect of Cl in electrodeposited ZnO films. A lowest 221
value of Nd = 1.89× 1019 cm−3 is attained for ZnO films synthetized 222
from electrolytes with null concentration of Cl− ions. When the Cl− 223
concentration doubles the Zn2+ concentration the Nd increases to 8.06 224
× 1019 cm−3. For comparison purposes the donor density for bare FTO 225
has been also calculated. It is well known that, irrespective of the de- 226
position method, unintentionally doped ZnO is always n-type due to 227
the existence of intrinsic defects that act as donors and unavoidably 228
produce n-type doping2. In the case of electrodeposited ZnO films this 229
effect is even more important than in other vacuum methods. Subse- 230
quent annealing of electrodeposited ZnO thin films always results in 231
a reduction of donor defects concentration and therefore lowers the 232
conductivity of films. 233
In order to check the changes in the conductivity of ZnO:Cl layers 234
we have measured their sheet resistance by using a four points probe. 235
We found that the sheet resistance varies from 9.7 ! · square for FTO 236
to 5.4! · square for the most doped ZnO:Cl sample. Even if this is an 237
approximate method for obtaining the sheet resistance because there 238
are two conductive layers and it is not possible to know accurately 239
the contribution of each layer, the measures can always be compared 240
among them.32 241
The flatband potential is shifted to more cathodic values when the 242
chlorine concentration is increased in the electrolyte and this phe- 243
nomenon is also related to the evolution of the free carrier concen- 244
tration in the material. The flatband potential becomes more neg- 245
ative as the doping level increases and this fact can be explained 246
as a shift of the Fermi level in the semiconductor, approaching 247
the conduction band as the doping level increases. The increase 248
in the free electron concentration results in a higher surface barrier in 249
the semiconductor-electrolyte interface and then in a larger flatband 250
potential. 251
In order to better show the linearity of the doping with Cl− con- 252
centration in the electrolyte, Nd values calculated from Mott-Schottky 253
plots are displayed as a function of the [Cl−]/[Zn2+] ratio in the bath 254
Figure 4. The calculated donor concentration exhibits a linear depen- 255
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Figure 4. Donor concentration versus [Cl−]/[Zn2+] ratio.
dence with the amount of Cl− and the trend is the higher the con-256
centration of isolated Cl− ions in the electrolyte the higher the donor257
concentration (Nd). This is a clear evidence of the n-type doping char-258
acter of Cl atoms in ZnO. The carrier concentration is minimum when259
the material is synthesized in the pure perchlorate electrolyte (1.89 ×260
1019 cm−3). The carrier concentration increases more that four times261
when the films are grown in 100% chloride solution.262
Optical properties.— The achievement of high transparency in263
the visible to near infra-red spectral range is the second important264
property, besides high conductivity, for the use of ZnO:Cl films as265
transparent conductors. The visible transmission spectra for ZnO:Cl266
films with different amount of chloride doping are presented in267
Figure 5. The transmission is nearly 60% for the films grown in elec-268
trolytes without Cl− ions and nearly 80% transmission is achieved for269
the films deposited in presence of chloride ions. Higher doping of Cl−270
in film leads to higher transmittance.271
The optical bandgap energy (Eg) is an intrinsic property of the272
semiconductor and estimated from optical absorption measurement.273
The optical transmittance spectra for the thin films recorded over274
wavelength range 350–700 nm at room temperature. The optical ab-275
sorption data are analyzed using the following classical relation:276
x = x0(hv − Eg)
n
hv
[2]
Figure 5. Transmittance curves for ZnO:Cl thin films.
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Figure 6. Variation of (αhυ)2 as a function of hυ.
where, Eg is the separation between bottom of the conduction band 277
and top of the valence band, h is the photon energy and n is order. 278
Value of n depends on the probability of transition; it takes values as 279
1/2, 3/2, 2 and 3 for direct allowed, direct forbidden, indirect allowed 280
and indirect forbidden transitions, respectively. Thus, if plot of (αhv)2 281
versus (hv) is linear the transition is direct allowed. Extrapolation of 282
the straight-line portion to zero absorption coefficient (α= 0), leads to 283
estimation of Eg value (Table III, column d). Figure 6 shows variation 284
of (αhv)2 as a function of photon energy hv. 285
With increasing Cl− content, the absorption edge shifted slightly 286
toward lower wavelength region, which means higher bandgaps. The 287
shift of optical bandgap is related to the Burstein-Moss (BM) effect37 288
and provides a direct evidence of the doping effect of chloride in 289
ZnO:Cl films. 290
The Burstein-Moss effect is attributed to the occupation of the 291
conduction band from the electrons coming from the valence band. 292
BM effect shifts the optical absorption edge giving a higher effective 293
bandgap as a result of the longer distance between unoccupied states 294
of the conduction band and the top of the valence band. 295
The effective optical gap (Eg) can be calculated as the sum of the 296
optical gap for the intrinsic material (Eg0) and the increment of the 297
gap due to the BM effect ("EBM). 298
Eg = Eg0 +"EB M [3]
The BM model in n-type semiconductor with parabolic band is 299
given by the equation:38 300
"EB M = h
2
8pi2m∗
(3pi2n)2/3 [4]
Where h is Planck’s constant, m* is the effective mass of the electron 301
and n is the electron free carrier concentration. 302
Figure 7 shows the experimental values obtained by extrapolation 303
of (αhυ)2 versus hυ (dots) as well as the theoretical values obtained 304
for the bangap of ZnO as a function of the free electron concen- 305
tration according to equations 3 and 4. Solid blue and red lines are 306
the theoretical bandgap energies for two different effective electron 307
mass found in the literature (m* = 0.24 ·me39 and m* = 0.35 ·me40) 308
and for a value of the optical bandgap for the intrinsic material, Eg0 309
= 3.263 eV. The experimental points fall inside the theoretical curves 310
for both values of effective electron masses but the slope is lower than 311
expected. In this plot the abscissa is the free electron concentration, 312
n, while the experimental points calculated from Mott-Schottky plots 313
provide the donor concentration, ND. The free electron concentration 314
depends on both donor and acceptor concentration, ND and NA, 315
n = ND − NA [5]
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Figure 7. Theoretical calculations of Eg for ZnO as a function of electron
concentration (n) for different values of effective electron mass in ZnO. Blue
m* = 0.24 ·me. Red m* = 0.35 ·me. Solid lines: Eg0 = 3.263 eV, dashed
lines: Eg0 = 3.293 eV. Experimental values were obtained by extrapolation of
(αhυ)2 versus hυ. Solid dots: = 0, empty dots: = 0.3.
So, if we define the compensation ratio as the ration between acceptors316
and donors;317
β = NA
ND
[6]
the free electron concentration can be written as:318
n = (1− β)× ND [7]
The effect of donor-acceptor compensation has also been displayed319
in Figure 7. Empty circles represent the free electron concentration320
obtained from the donor concentration provided by Mott-Schottky by321
supposing a compensation ratio of 30% (eq. 7). Dashed blue and red322
lines are the theoretical bandgap energies for the effective electron323
mass used before and for an intrinsic optical bandgap, Eg0 = 3.293324
eV. After taking into account the donor-acceptor compensation the ex-325
perimental values fit better to theoretical curves. The consequence of326
donor-acceptor compensation is to lower the free electron concentra-327
tion and therefore the occupation of the conduction band. As a result328
a slightly higher bandgap for the intrinsic material is required to fit329
the data.330
Conclusion331
This paper presents a systematic study dealing with the electrode-332
position of dense ZnO layers doped with chlorine for transparent con-333
ductive oxide applications. The effect of perchlorate electrolyte and334
the addition of chloride ions in the bath on the morphology, the struc-335
ture, the carrier concentration and the optical properties of the ZnO336
layers have been investigated. Compact films with high transmission337
in the visible wavelengths range and containing high carrier density338
(up to 9 × 1019 cm−3) have been obtained. Compositional analysis,339
optical and Mott-Schottky measurements allowed demonstrating that340
n-type doping is extrinsic and achieved by incorporation of chlorine in341
ZnO lattice. As a result a bandgap shift to higher energies is observed342
owing to the Burstein-Moss effect.343
Electrochemical deposition in electrolytes containing chlorides344
and DMSO appears to be an attractive way for synthetizing ZnO345
layers with very high transparency and good control of the conduc-346
tivity. Due to their low cost synthesis route and good performance,347
electrodeposited ZnO:Cl layers are well suited to be used in optoelec-348
tronic window applications.349
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